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Abstract.  We  discuss  the  properties  of  the  two  dimensional  (2D)  electron  gas  at  AlGaN/GaN 
heterointerface.  The  density  of  the  2D  gas  is  affected  by  piezoelectric  effects  and  by  doping 
levels  in  both  AlGaN  and  GaN  layers.  The  record  values  of  the  sheet  carrier  density  have 
been  achieved  with  sheet  electron  densities  of  the  two-dimensional  electron  gas  on  the  order  of 
1.5  x 1013cm”2  and  the  sheet  carrier  concentration  in  the  surface  heterostructure  channel  as 
high  as  4 x 1013  cm”2.  At  high  electron  concentration,  electrons  are  divided  between  the  2D  and 
3D  states,  and  this  division  affects  the  electron  mobility  in  the  channel.  Optical  polar  scattering, 
impurity  scattering,  and  piezoelectric  scattering  limit  the  mobility.  The  largest  electron  mobility 
was  observed  in  AlGaN/GaN  heterostructures  grown  on  SiC.  At  room  temperature,  the  mobility 
is  over  2,000  cm2/V-s;  at  cryogenic  temperatures,  the  highest  mobility  is  over  10,000  cm2/V-s. 
These  values  are  high  enough  for  the  observation  of  the  Quantum  Hall  Effect.  Multichannel  2D 
electron  structures  are  being  developed  that  will  allow  us  to  achieve  a much  higher  current  density 
and  much  higher  power. 


1 Introduction 

The  first  evidence  of  the  existence  of  the  two-dimensional  electron  gas  at  the  GaN/AlGaN 
heterointerface  was  provided  by  a large  mobility  enhancement  at  the  heterointerface.  In 
1995,  Khan  et  al.  [1]  observed  a large  mobility  enhancement  in  the  2D-electron  gas 
at  the  AlGaN/GaN  interface.  They  measured  the  2D  electron  gas  Hall  mobility  around 
5,000  cm2/V-s  at  80  K,  compared  to  the  maximum  electron  mobility  of  approximately 
1,200  cm2/V-s  in  their  bulk  doped  GaN  samples.  Recently,  Gaska  et  al.  [2]  reported  on 
the  electron  mobility  in  the  2D-gas  electron  gas  at  the  GaN/AlGaN  interface  exceed- 
ing 10,000  cm2/V-s  at  cryogenic  temperatures  and  exceeding  2000  cm2/V-s  at  room 
temperature.  These  values  were  observed  in  the  samples  with  very  high  sheet  carrier 
concentration  (on  the  order  of  10l3cm  2). 

Our  estimates  show  that  the  maximum  density  of  the  two-dimensional  electron  gas 
at  the  GaN/AlGaN  heterointerface  or  in  GaN/AlGaN  quantum  well  structures  can  reach 
5 x 1013  cm”2,  which  is  more  than  an  order  of  magnitude  higher  than  for  traditional 
GaAs/AlGaAs  heterostructures.  The  mobility-sheet  carrier  concentration  product  for 
these  two  dimensional  systems  might  also  exceed  that  for  GaAs/AlGaAs  heterostruc- 
tures and  can  be  further  enhanced  by  doping  the  conducting  channels  and  by  using 
“piezoelectric”  doping  [3,  4],  which  takes  advantage  of  high  piezoelectric  constants  of 
GaN  and  related  materials. 

The  University  of  California,  Santa  Barbara  group  [5]  reported  record-breaking  mi- 
crowave power  close  to  3 W/mm  achieved  in  GaN-based  Heterostructure  Field  Effect 
Transistors.  Their  results  (and  similar,  though  not  as  spectacular  results  achieved  by 
other  groups  [6] ) show  that  these  devices  will  compete  with  GaAs-based  transistors  in 
high  power,  high  frequency  applications. 


524 


CS.03i 


525 


In  this  paper,  we  review  our  recent  results  obtained  for  AlGaN/GaN  heterostructures. 
We  discuss  the  properties  of  the  2D-electron  gas  at  AlGaN/GaN  heterointerface  with 
emphasis  on  the  differences  between  these  structures  and  their  GaAs  counterparts. 

2 Band  structure 

Fig.  1 (from  [7])  shows  a typical  band  diagram  of  an  AlGaN/GaN  heterostructure. 
Notice  the  difference  in  the  electric  field  slopes  in  GaN  and  AlGaN  at  the  heterointerface. 
This  difference  is  related  to  piezoelectric  effect,  and  this  band  diagram  is  very  different 
from  a band  diagram  for  a typical  AlGaAs/GaAs  heterostructure. 


Fig  1.  Band  diagrams  of  the  GaN  heterostructures  for  doped  and  undoped  GaN  layers.  The  short 
horizontal  lines  show  the  position  of  the  Fermi  level  (top  line)  and  of  the  lowest  subband  (bottom 
line).  A1  mole  fraction  is  x = 0.2.  Schottky  barrier  height  is  1 eV.  Conduction  band  discontinuity, 
A£c  = 0.75A£g.  AlGaN  doping,  5 x 10iscm“3.  2D  gas  density  is  5 x 1012cm~2.  T = 300. 
The  electron  effective  mass  is  0.23mo.  The  piezoelectric  constants  are  ei\  = — 0.58C/m2, 
C33  = 1.55  C/m2;  eu  = — 0.36C/nr,  <?33  = lC/nr,  for  AIN  and  GaN,  respectively.  Material 
parameters  of  AlGaN  were  determined  by  taking  a linear  interpolation  between  GaN  and  AIN 
parameters  as  functions  of  the  A1  molar  fraction.  (From  [7].) 

Fig.  2 shows  the  position  of  the  Fermi  level,  Ep,  (counted  from  the  bottom  of  the  con- 
duction band  in  GaN  at  the  heterointerface)  as  a function  of  the  sheet  electron  density, 
«s  [7],  Also  shown  the  A1  molar  fraction,  which  corresponds  to  the  value  of  the  con- 
duction band  discontinuity  at  the  heterointerface.  The  effective  mass  of  0.24me  (where 
me  is  the  free  electron  mass)  was  assumed  in  this  calculation.  The  first  seven  subbands 
were  accounted  for.  For  «s  higher  than  1.5  x 1012  cm  "2,  the  following  approximation: 

Ep  = Eq  + ns/D  (1) 

is  in  good  agreement  with  the  computed  dependence. 

Fig.  2 shows  that  the  values  of  ns  close  to  2 x 1013  cm-2  can  be  achieved  for  relatively 
low  A1  molar  fractions.  Such  high  concentrations  are  not  achievable  in  AlGaAs/GaAs  or 
even  in  AlInAs/InGaAs,  which  has  a larger  conduction  band  discontinuity  than  AlGaAs. 
Much  higher  values  of  ns  in  the  AlGaN/GaN  heterostructures  can  be  achieved  by  doping 
the  active  layer  so  the  total  surface  electron  concentration  in  the  channel 


Ns  = ns+Ndd  (2) 

This  increase  is  related  to  the  change  in  the  band  diagram  caused  by  the  channel 
doping  illustrated  by  Fig.  1.  As  seen  from  Fig.  1,  in  the  doped  quantum  well  structures, 
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Fig  2.  Fermi  level  (solid  line)  and  the  positions  of  the  ground  and  first  excited  subbands  for 
GaN/AlGaN  heterostructure  counted  from  the  bottom  of  the  conduction  band  in  GaN  at  the 
heterointerface.  The  insert  shows  the  position  of  the  Fermi  level  at  small  values  of  ns.  Also 
shown  the  A1  molar  fraction,  with  corresponds  to  the  value  the  conduction  band  discontinuity 
equal  to  the  energy  scale  on  the  left  [7]. 


electrons  can  go  into  bulk  states,  whose  density  is  large  enough  to  contain  a very  large 
electron  sheet  density. 

Another  important  approach  in  increasing  the  electron  sheet  concentration,  which  is 
important  for  applications  in  power  devices,  is  to  use  multichannel  structures  that  have 
several  parallel  2D-electron  gas  layers.  Gaska  et  al.  [8]  report  on  the  fabrication,  char- 
acterization, and  modeling  of  a double  channel  AlvGai  _xN/GaN  Heterostructure  Field 
Effect  Transistors.  The  epilayer  structure  was  grown  by  low  pressure  Metal  Organic 
Vapor  Pressure  Epitaxy  on  sapphire  substrates.  In  these  structures,  a 50  nrn  AIN  layer 
growth  on  sapphire  was  followed  by  the  deposition  of  a 0.8  pm  nominally  undoped 
GaN  layer,  25  nm  of  Alo.25Gao.75N,  a second  0.1  pm  nominally  undoped  GaN  layer, 
and  finally  capped  with  30  nm  Alo.25Gao.75N  barrier  layer  (see  Fig.  3).  Both  AlGaN 
barrier  layers  were  unintentionally  doped  with  electron  concentration  of  approximately 
n = 1018  cm-3.  Devices  with  the  source-drain  spacing  of  5 pm,  the  gate  length  of  2 pm 
and  the  gate  width  of  50  pm  were  fabricated.  Ti/Al/Ti/Au  of  thickness  250/700/500/1000 
angstroms  was  annealed  at  900°  C for  30  sec  to  make  ohmic  contacts;  Pt/Au  was  used 
for  the  offset  gate  fabrication.  The  maximum  source-drain  current  at  zero  gate  bias  was 
0.5  A/mm,  the  maximum  transconductance  gm  = 140  mS/mm  was  measured  at  the 
gate  bias  of  — 1 . 5 V.  The  threshold  voltage  of  these  devices  was  —4. 5 V. 

Fig.  4 shows  a qualitative  band  diagram  of  such  a structure.  The  25  nm  AlGaN  layer 
sandwiched  between  two  GaN  layers  formed  a Semiconductor-Insulator-Semiconductor 
structure.  As  was  shown  in  [3,  9],  strong  piezoelectric  effects  cause  the  depletion  at 
the  top  interface  of  this  structure  and  accumulation  at  the  bottom  interface.  This  accu- 
mulation layer  creates  the  second  conducting  channel  in  our  devices.  This  conducting 
channel  is  separated  from  the  ohmic  source  and  drain  contacts  by  the  depleted  region  in 
GaN  and  by  the  thin  AlGaN  layer.  Hence,  this  bottom  conducting  has  very  large  series 
resistances  at  low  drain  biases.  At  high  drain  biases,  the  electron  injection  drastically 
decreases  the  series  resistances  for  the  bottom  channel,  and  it  starts  contributing  to  the 
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Fig  3.  AlGaN/GaN  epitaxial  structure  with  two  channels  (after  [8]). 


Fig  4.  Qualitative  band  diagarm  of  two  channel  AlGaN/GaN  heterostructure. 


overall  drain  current.  This  contribution  is  responsible  for  a characteristic  kink  in  the 
output  characteristics  at  high  drain  biases. 

Gaska  et  al.  [8]  also  developed  an  analytical  device  model  for  a double  channel  HFET 
based  on  the  Unified  Charge  Control  Model.  The  model  describes  both  subthreshold  and 
above  threshold  regimes  of  operation  and  accounts  for  the  drain-bias  dependent  series 
resistances  for  the  bottom  channel  and  accurately  reproduces  the  measured  current- 
voltage  characteristics.  The  modeling  results  showed  that  such  improved  multichannel 
AlGaN-GaN  heterostructures  will  be  very  promising  for  applications  in  power  GaN- 
based  HFETs. 

The  band  diagrams  shown  above  assume  an  abrupt  AlGaN/GaN  heterointerface. 
However,  recent  experimental  and  theoretical  studies  of  the  capacitance-voltage  (C-V) 
characteristics  and  of  the  Hall  mobility  of  the  2D-electron  gas  for  strained  Alo.25Gao.75N- 
GaN  heterostructures  showed  that  the  heterointerface  might  be  graded.  The  heterostruc- 
tures studied  in  [10]  were  grown  on  sapphire  with  the  AlGaN  barrier  layer  thickness 
varying  from  10  nm  to  100  nm.  The  measured  C-V  characteristics  provided  the  strong 
experimental  evidence  that  the  piezoelectric  effect  causes  an  increase  in  the  sheet  elec- 
tron concentration  in  heterostructures  with  Alo.25Gao.75N  thickness  up  to  60  nm. 

The  strain-induced  electric  field  changes  the  charge  distribution  in  the  heterostruc- 
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Fig  5.  Hall  2D-electron  gas  mobility  in  bulk  GaN  and  nominally  undoped  (ns  = 3 x 1012  cm  3) 
and  doped  («s  = 1013cm~3)  AlGaN/GaN  heterostructures  versus  temperature  [13]. 


tures.  This,  in  turn,  caused  the  shift  of  the  C-V  characteristics  with  respect  to  their 
unstrained  positions  while  preserving  their  general  shape.  The  magnitude  of  the  shift 
depends  on  the  strain  and  the  strained  layer  thickness.  The  magnitude  of  strain  was 
extracted  from  the  comparison  between  the  calculated  and  measured  C-V  characteris- 
tics. The  results  showed  that  relaxation  increased  gradually  with  the  AlGaN  thickness. 
Tire  structure  with  a 100-nm  thick  barrier  layer  was  fully  relaxed.  The  conventional 
theory  of  strain  relaxation  for  abrupt  interfaces  yields  the  critical  thickness  of  unrelaxed 
Alo.25Gao.75N  barrier  at  least  1.5  times  smaller  than  the  value  extracted  from  these  C-V 
measurements.  In  Reference  [10],  this  difference  was  attributed  to  a gradual  change  in 
the  A1  mole  fraction  near  the  AlGaN-GaN  heterointerface  over  approximately  5-6  nm. 

3 Transport  properties 

A high  electron  sheet  density  in  AlGaN/GaN  heterostructures  is  very  effective  in  screen- 
ing the  impurity  scattering  [11],  Recent  measurements  of  the  Quantum  Hall  and 
Shubnikov-de-Haas  effect  on  similar  AlGaN-GaN  modulation  doped  structures  with 
Si-doped  channels  clearly  showed  the  existence  of  the  two-dimensional  (2D)  electron 
gas  in  these  structures  with  parallel  conduction  path  provided  by  three-dimensional 
electrons  [12],  The  Hall  mobility  measurements  and  theoretical  calculations  reported 
in  [11]  showed  that  the  2D-electron  gas  mobility  in  doped  channel  structures  at  room 
temperature  is  nearly  the  same  as  in  undoped  structures.  This  is  confirmed  by  our  more 
detailed  measurements  shown  in  Fig.  5 [13]. 

Recent  measurements  of  the  Hall  mobility  and  Quantum  Hall  Effect  in  the  Al- 
GaN/GaN HFETs  grown  on  SiC  substrates  showed  the  electron  mobility  in  these  struc- 
tures in  considerably  large  than  in  similar  structure  grown  on  sapphire  substrates,  es- 
pecially at  cryogenic  temperatures  [2,  12].  Hiis  can  be  explained  by  a better  material 
quality  of  GaN  grown  on  SiC  substrates  because  of  much  smaller  lattice  mismatch 
between  AlGaN  and  SiC.  A better  material  quality  may  manifest  itself  in  a smaller 
dislocation  density  and/or  in  a less  pronounced  columnar  structure.  The  dislocation 
density  in  GaN  grown  on  sapphire  is  quite  high  (in  the  range  108-1010cnr~2  [14].) 
This  material  also  has  a pronounced  columnar  structure  (called  ordered  polycrystalline 
microstructure  [12].)  The  mobility  limited  by  the  dislocations  is  roughly  proportional  to 
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temperature  [13].  The  polycrystalline  structure  leads  to  the  observation  of  the  “mobility 
edge”  [15]  and  may  result  in  the  exponential  temperature  dependence  of  the  mobil- 
ity with  a very  small,  concentration-dependent  activation  energy  [16].  Both  scattering 
mechanisms  related  to  the  material  imperfections  should  be  much  more  pronounced  at 
cryogenic  temperatures.  Hence,  the  data  reported  in  [2]  point  out  to  a better  material 
quality  of  GaN  grown  on  SiC  substrates. 

Further  studies  [17]  showed  that  at  high  electron  densities,  electrons  occupy  three- 
dimensional  states  in  the  doped  channel  near  the  GaN-AlGaN  heterointerface,  even  at 
moderate  doping  levels,  on  the  order  of  10l7cm-3.  This  model  explains  the  observed 
decrease  of  room  temperature  electron  Hall  mobility  with  the  channel  doping.  The 
mobility  in  Alo.2Gao.8N-GaN  heterostructures  grown  on  sapphire  and  conducting  6H- 
SiC  substrates  decreases  from  1,200  cm2/Vs  (on  sapphire)  and  2,000  cm2/Vs  (on  61 I - 
SiC)  at  electron  sheet  density  «s  = 1013cm-2,  to  approximately  700-800  cm2/Vs  at 
ns  > 3 x 1013  cm-2  for  both  types  of  the  substrates.  Tire  model  also  explains  a non- 
monotonous  electron  mobility  dependence  on  the  gate  bias  in  the  “gated”  Hall  slab 
at  temperature  T = 4.2  K.  The  measured  Hall  mobility  at  4.2  K first  increases  with 
the  gate  bias  (from  approximately  7,000  cm2/V-s  at  Vg  = —■ 4 V up  to  the  record 
value  of  11,000  cm2/V-s  at  Fg  = -0.5  V).  With  a further  increase  in  Vg,  the  mobility 
decreases  down  to  9,500  cm2/V-s  at  Vg  = 1.5  V).  With  an  increase  in  the  gate  bias  from 
—4  V to  1.5  V,  the  sheet  electron  carrier  concentration  increases  from  approximately 
3.5  x 1012cm~2  to  1.1  x 1013cm~3.  At  the  gate  bias  -0.5  V,  which  corresponds  to 
the  maximum  Hall  mobility,  the  electron  sheet  concentration  is  8 x 1012  cnr2  and  is 
close  to  the  maximum  value  of  ns  estimated  for  the  2D  channel  near  Alo.2Gao.8N-GaN 
heterointerface. 

These  results  are  important  for  choosing  the  optimum  doping  in  AlGaN-GaN  Doped 
Channel  Heterostructure  FETs,  which  should  be  dependent  on  the  gate  length. 
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